Introduction
Heat stress is a common stressful factor that affects many biological systems (1) . In the process of heat stroke, intestinal epithelial cells are attacked by environmental heat and stimulated by intestinal bacteria and bacterial lipopolysaccharide (LPS) (2) . Heat stress-induced intestinal epithelial cell injury and apoptosis contributes to intestinal hyperpermeability. Furthermore, bacterial products from the intestinal lumen entering into the circulatory system causes systemic inflammatory response syndrome and multiple organ failure (3) (4) (5) . In our previous study, heat stress was demonstrated to induce apoptosis via transcription-independent p53-mediated mitochondrial signaling pathways in human umbilical vein endothelial cells (6) . LPS is a major cell wall component in gram-negative bacteria that has been demonstrated to induce , WEIDANG XIE 4* , ZHENGTAO GU 5 , QIULIN XU 2 and LEI SU apoptosis and injury in various cell types (7) . However, little is known about the biological effects of heat stress combined with LPS on intestinal epithelial cell apoptosis. Reactive oxygen species (ROS) components, including superoxide anions, hydrogen peroxide and hydroxyl radicals, are typically generated in the mitochondria and serve as signaling intermediates (8, 9) . Under physiological conditions, generated ROS are rapidly eliminated by antioxidant enzymes, including superoxide dismutases, catalase, glutathione peroxidases and peroxiredoxins (8) . Numerous studies link oxidative stress with heat stress or LPS, and suggest synergistic augmentation of cell death and increased ROS generation in certain cells (10, 11) .
The mitogen activated protein kinase (MAPK) cascades are activated by various cellular stresses and growth factors. Extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK) and p38 are members of well-characterized subfamilies of MAPK, and these enzymes have been implicated in the increased sensitivity to heat stress-induced cell apoptosis exhibited by IEC-6 cells (12) (13) (14) . c-Jun is the most extensively studied protein of activator protein-1 components and has also been linked to apoptosis. The phosphorylation of c-Jun at Ser 63 and 73 is known to increase c-Jun activity (15) (16) (17) (18) . However, it remains unknown whether the MAPKs and c-Jun activation serves a critical role in LPS combined with heat stress-induced apoptosis, or if ROS has effects on MAPK and c-Jun signaling pathways under these conditions.
The present study aimed to investigate whether generation of reactive oxygen species (ROS) is a critical mediator in LPS combined with heat stress-induced apoptosis, and whether this may involve MAPK and c-Jun activation. Furthermore, whether cell apoptosis and permeability is exacerbated by inhibition of ERK1/2 (PD98059), JNK (SP600125), p38 (SB203580) and c-Jun (c-Jun peptide) activation was investigated.
Materials and methods
Cell culture and treatments. IEC-6 cells and Caco-2 cells were purchased from Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in a humidified atmosphere of 5% CO 2 and 95% air. Culture dishes were placed into a circulating water bath at 37±0.5˚C for control, or at 42±0.5˚C for heat stress for 60 min. The culture media was replaced with fresh media and the cells were further incubated at 37˚C for 6 h.
Intracellular ROS level. Levels of intracellular ROS were assessed using a ROS assay kit (Beyotime Institute of Biotechnology, Haimen, China). Dichlorofluorescein diacetate (DCFH-DA; Molecular Probes; Thermo Fisher Scientific, Inc.) enters the cells and reacts with ROS, producing the fluorophore DCF. Briefly, cells were exposed to 1, 5 or 10 µg/ml LPS for 30 min at 37˚C, exposed to 1 µg/ml LPS for 5, 15, 30, 60 or 90 min, or cells were treated with 1 µg/ml LPS combined with heat stress (42˚C) simultaneously for 60 min, the cell culture media for each plate was then replaced with fresh media and the cells were further incubated at 37˚C for 6 h, control cells were always incubated at 37˚C. Control cells were treated with PBS instead of LPS. Cells (3x10 5 ) were harvested, washed with serum-free DMEM culture medium, and stained with 10 µM DCFH-DA for 30 min at 37˚C in the dark. Following this, cells were harvested, washed and resuspended in serum-free DMEM culture medium three times. The fluorescence intensity was determined using a flow cytometer (FACSCanto™ II; BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software version 9.0 (Tree Star, Inc., Ashland, OR, USA).
Mitochondrial membrane potential assay. The fluorescent dye 5,5',6,6'-tetrachloro-1,1',3,3'tetraethylbenzimidazo carbocyanine iodide (JC-1; Molecular Probes; Thermo Fisher Scientific, Inc.) was used to detect the mitochondrial membrane potential. IEC-6 cells were treated with LPS (1 µg/ml), heat stress (42˚C for 60 min), or a combination of LPS and heat stress, and further incubated for 12 h at 37˚C. Cells were washed three times with PBS. A JC-1 kit was used to detect the mitochondrial cross membrane potential. Results were observed through a fluorescence microscope.
Flow cytometric analysis of cell apoptosis using Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
staining. Cells were pretreated with butylated hydroxyanisole (BHA; 5 µM; Abcam, Cambridge, MA, USA), SP600125 (10 µM; Cell Signaling Technology, Inc., Danvers, MA, USA), SB203580 (5 µM; Cell Signaling Technology, Inc.), PD98059 (10 µM; Cell Signaling Technology, Inc.) and c-Jun peptide (10 µM; R&D Systems, Inc., Minneapolis, MN, USA), the specific inhibitors of ROS, JNK, p38, ERK and c-Jun, respectively, at 37˚C for 30 min prior to simultaneous treatment with 1 µg/ml LPS and heat stress (42˚C) for 60 min, followed by a recovery period at 37˚C for 6 h. Control cells were treated with PBS instead of LPS and were always incubated at 37˚C. Cell apoptosis was analyzed using an Annexin V-FITC apoptosis kit (Lianke Biological Engineering Co., Ltd., Zhejiang, China) using a flow cytometer according to the manufacturer's protocol. Cells (1x10 6 ) cells were collected, washed in ice-cold PBS, and resuspended in the binding buffer containing 5 µl FITC Annexin V and 10 µl PI stain. The suspension was mixed and incubated at room temperature for 10 min. Samples were subsequently analyzed using a flow cytometer.
Measurement of transepithelial electrical resistance (TEER).

Approximately 2x10
6 IEC-6 and Caco-2 cells per well were seeded into collagen-coated Transwell membrane inserts separately (6.5-mm diameter inserts; 3-mm pore size; Corning Incorporated, Corning, NY, USA) with 200 ml culture medium added to the apical chamber and 600 ml to the basolateral chamber. Cells were treated with LPS (1 µg/ml) for 60 min at 37˚C, heat stress (42˚C for 60 min) or simultaneous treatment with a combination of LPS (1 µg/ml) and heat stress (42˚C) for 60 min. the cells were subsequently returned to a temperature of 37˚C, after 0, 2, 6 and 12 h recovery period, the electrical resistance of confluent polarized IEC-6 and Caco-2 monolayers was measured by TEER with an electrical resistance system (EVOM; World Precision Instruments GmbH, Berlin, Germany) at 0, 2, 6 and 12 h, separately. A pair of electrodes were placed at each of the apical and basolateral chambers of three different points to evaluate TEER.
Intestinal paracellular permeability assay. Intestinal paracellular permeability across cell monolayers was determined by measuring the flux of horseradish peroxidase (HRP; type V; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). HRP (3.4x10 -6 mol/l) was added to the medium in the apical chamber of Transwell chambers. After pre-treatment with LPS for 30 min and exposure to heat stress for 1 h, samples were carefully taken from basolateral chambers and assayed for HRP by TMB HRP Color Development Solution for ELISA (Beyotime, China) 6 h later. Enzyme activity was determined from the rate of increase in optical density at a wavelength of 370 nm by an automatic microplate reader (SpectraMax ® M5; Molecular Devices, LLC, Sunnyvale, CA, USA).
Western blot analysis. Protein concentration was determined by western blotting. IEC-6 cells were exposed to LPS (1 µg/ml) for 60 min at 37˚C, heat stress (42˚C for 60 min) or simultaneous treatment with a combination of LPS (1 µg/ml) and heat stress treatment (42˚C) for 60 min, and the cells were returned to a temperature of 37˚C for 6 h. In addition, cells were pretreated with or without BHA for 30 min at 37˚C, which was followed by simultaneous treatment with LPS (1 µg/ml) and heat stress (42˚C) with incubation for 0, 15, 30 or 60 min. Control cells treated with PBS instead of LPS and were incubated at 37˚C. Cells were homogenized in radioimmunoprecipitation assay lysis buffer with phenylmethylsulfonyl fluoride (Sigma-Aldrich; Merck KGaA). Following centrifugation at 14,000 x g at 4˚C for 10 min, the supernatants were used for western blot analysis. Protein concentration was determined by a Bicinchoninic Acid Protein Assay kit (Thermo Fisher Scientific, Inc.). Proteins (20 µg/well) were separated by SDS-PAGE using 10% SDS polyacrylamide gels and transferred onto polyvinylidene difluoride membranes. Membranes were blocked with blocking solution (5% skimmed milk diluted with PBS) at room temperature for 2 h, followed by incubation with primary antibodies. The following rabbit primary antibodies were used at a 1:2,000 dilution: GAPDH (cat. Statistical analysis. All data were analyzed for statistical significance using SPSS software version 13.0 (SPSS, Chicago, IL, USA). Data are expressed as the mean ± standard deviation from at least three independent experiments performed in duplicate. One-way analysis of variance was performed followed by Fisher's least significant difference post hoc test for multiple comparisons. * P<0.05 was considered to indicate a statistically significant difference.
Results
Heat stress plus LPS increases the production of ROS and permeability in IEC-6 cells. Based on the evidence that ROS generation serves as an important role in heat stress and LPS, the present study examined whether heat stress associated with LPS influences ROS accumulation in IEC-6 cells. Cells were exposed to 1, 5 or 10 µg/ml of LPS for 30 min. Following incubation with LPS, levels of intracellular ROS increased in a dose-dependent manner (Fig. 1A) . As presented in Fig. 1B , a time-course experiment revealed that 1 µg/ml LPS increased intracellular ROS levels in IEC-6 cells compared with controls, with maximal induction being observed after a 15-min incubation and returning to baseline levels at 90 min, H 2 O 2 was used as a positive control. To test the combined effects of LPS treatment with heat stress on ROS accumulation, IEC-6 were treated with 1 µg/ml LPS and exposed to heat stress (42˚C) for 60 min. At 6 h after treatment, the levels of intracellular ROS in IEC-6 cells exposed to both LPS and heat stress were increased compared with controls and cells exposed to heat stress alone (Fig. 1C) .
Heat stress and LPS lead to the mitochondrial membrane potential disruption in IEC-6 cells. Mitochondria may provide a permanent source of ROS under physiological conditions. Alterations in the mitochondrial membrane potential (ΔΨm) were assessed using JC-1. When mitochondrial membrane potential is high, JC1 accumulates in the mitochondrial matrix, forming JC-1 polymer aggregates which produces red fluorescence. When the mitochondrial membrane potential is lower, JC1 cannot accumulate in the mitochondrial matrix, JC-1 remains a monomer, which produces green fluorescence. As presented in Fig. 2 , LPS and heat stress resulted in the reduction of mitochondrial membrane potential, particularly when used in combination.
Effect of heat stress and LPS on intestinal epithelial cell apoptosis and barrier function.
There were significant differences in early apoptotic rates among the control, LPS, heat stress, and LPS combined with heat stress groups. Early apoptotic rates in the LPS, heat stress, and LPS combined with HS groups were significantly higher compared with the control group. Early apoptotic rates in the heat stress combined with LPS group were also increased compared with the LPS and heat stress groups (Fig. 3A) . These results indicated that heat stress or LPS may increase apoptosis of IEC-6 cells, and that the combination of these two treatments may produce a synergistic effect.
The present study examined the effect of LPS and heat stress on the effects of heat stress-induced dysfunction of the intestinal epithelial barrier in IEC-6 and Caco-2 monolayers. Caco-2 cells were used as a model to form a typical TJ structure similar to the mature intestinal epithelium in vitro (19) . Epithelial barrier integrity and paracellular permeability were determined by the measurement of TEER and flux of HRP. As basal resistance slightly differed in independent wells, the data are presented relative (% TEER) to baseline (prior to heat exposure=1). The permeability for HRP into the basolateral chambers, which was determined by the calculated flux, was expressed as a percentage of added HRP marker.
LPS, heat stress and LPS combined with heat stress resulted in a reduction of TEER in time-dependent manner, and a significant increase in paracellular permeability of HRP flux in IEC-6 cells (Fig. 3B) . The significant reduction in TEER was accompanied by an increase in paracellular permeability of HRP flux in the LPS combined with heat stress group, compared with the LPS and HS groups at 6 h after treatment (Fig. 3C) . These results indicated that LPS combined with heat stress significantly weakened the intestinal epithelial barrier function, associated with the reduction in TEER and the increase in HRP permeability. In addition, IEC-6 and Caco-2 cells demonstrated the same trend.
Influence of heat stress and LPS on MAPK activation.
To determine whether p38, ERK and JNK phosphorylation is required for apoptosis, IEC-6 cells were stimulated with LPS combined with heat stress. As presented in Fig. 4 , heat stress alone or LPS combined with heat stress induced activation of p38, ERK and JNK. The phosphorylation levels of p38, ERK and JNK in the LPS combined with heat stress groups were significantly increased compared with the heat stress only groups. However, LPS only slightly increased p38, ERK and JNK phosphorylation levels compared with the control groups. A previous study indicated that LPS induces MAPK phosphorylation at an early time point, which then rapidly decreases to baseline levels, which coincides with ROS generation after a 6-h recovery period from LPS, and induced ROS accumulation was cleared (15) . This may explain the low activation level of MAPKs induced by LPS observed in the present study.
Influence of heat stress and LPS on c-Jun and caspase-3 activation.
To examine the effects of heat stress and LPS on c-Jun activation and expression, IEC-6 cells were exposed to simultaneous treatment with a combination of LPS (1 µg/ml) and heat stress (42˚C) for 60 min, or LPS and heat stress only, the cells were returned to a temperature of 37˚C for 6 h. As presented in Fig. 5 , heat stress and LPS combined with heat stress caused an increase in the phosphorylation and expression levels of c-Jun. The phosphorylation and expression levels of c-Jun in the LPS combined with heat stress groups was significantly increased compared with the heat stress groups. LPS only slightly increased c-Jun phosphorylation, without affecting its expression. Cleaved caspase-3 expression levels, which typically indicates apoptosis, were detected in the LPS, heat stress and LPS combined with heat stress groups. Cleaved caspase-3 expression in LPS combined with HS groups was significantly increased compared with the heat stress and LPS groups.
Contribution of ROS, MAPKs and c-Jun to LPS combined with heat stress-induced cell apoptosis and intestinal epithelial barrier disruption in IEC-6 cells.
To examine whether accumulated ROS levels, or MAPK and c-Jun activation are involved in LPS and heat stress-induced cell apoptosis and intestinal epithelial barrier disruption, IEC-6 cells were stimulated with LPS combined with heat stress in the presence or absence of inhibitors for ROS, MAPKs or c-Jun. As presented in Fig. 6A , treatment with BHA significantly decreased early apoptosis rates. Furthermore, while IEC-6 cells pretreated with PD98059, a specific inhibitor of ERK, did not exhibit an increase in cell survival, cells that were pretreated with specific inhibitors of JNK, p38 and c-Jun (SP600125, SB203580 and c-Jun peptide, respectively) exhibited a significant increase in cell survival (Fig. 6B) . Epithelial barrier integrity and paracellular permeability were determined by the measurement of TEER and flux of HRP, respectively. The results of intestinal epithelial barrier integrity and permeability were consistent with apoptosis, as presented in Fig. 6C and D.
ROS mediates activation of MAPKs and c-Jun. As presented in Fig. 7A , LPS combined with heat stress rapidly induced MAPK phosphorylation, which was maintained at high levels for >60 min. When pretreated with BHA, the phosphorylation level of p38 and ERK were inhibited slightly compared with LPS combined with heat stress without BHA pretreatment. However, the phosphorylation of JNK was not inhibited. To examine the effects of LPS combined with heat stress on c-Jun activation and expression, cells were exposed to heat stress and (Fig. 7B) . These results demonstrated that p38, ERK and c-Jun activation are downstream events of ROS accumulation.
Discussion
It has previously been reported that endotoxin levels in the blood increase in heatstroke patients at a mean rectal temperature of 42.1˚C (19, 20) . Intestinal permeability to endotoxin or LPS from the gut entering the circulation increases in heat-stressed animals (4, 21) . On the contrary, anti-LPS antibodies protect against the transition from heat stress to heatstroke (1) . This suggests that LPS and heat stress may serve an important role in the pathogenesis of heatstroke. The present study mimicked the micro-environment of intestinal epithelial cells under severe heat stress conditions to investigate cell apoptosis and its potential underlying mechanisms.
In the present study, LPS and heat stress induced production of ROS, mitochondrial membrane potential disruption and cell apoptosis which eventually led to increased intestinal permeability and reduced epithelial resistance in IEC-6 cells. Furthermore, ROS production contributed to activation of p38, ERK and c-Jun. In previous studies, intracellular ROS production was increased by heat stress in endothelial cells (6) , and IEC-6 cells by LPS in macrophages (5) . Previous studies have suggested that environmental heat stress may stimulate production of ROS, which contributes to intestinal barrier dysfunction and cell apoptosis (22) . As predicted, heat stress or LPS stimulation induced early apoptosis in IEC-6 cells, a synergistic effect produced when heat stress and LPS stimulation were combined. A similar profile was obtained when the corresponding cell lysates were analyzed for cleaved caspase-3 and activation of MAPKs and c-Jun. These results indicated that the heat stroke environment may induce multiple types of cell damage mediated by different molecules and signaling pathways. Studies have demonstrated that the level of ROS is associated with cell apoptosis. The present study revealed that cell apoptosis may be inhibited by using the ROS scavenger, BHA, which is consistent with a previous study (23) . Cell apoptosis was assessed using the inhibitors of JNK, p38, ERK and c-Jun by flow cytometry. Activation of JNK, p38 and c-Jun serve pro-apoptotic roles, whereas ERK is resistant to apoptosis. It is hypothesized that ERK is important for cell survival, while JNK and p38 have been characterized as stress-responsive factors, thus serving important roles in apoptosis (12) (13) (14) (15) (16) . In addition, the phosphorylation of c-Jun is required for apoptosis following survival signal withdrawal (24) (25) (26) (27) . These conclusions were obtained in the present study. Therefore, the combination of LPS and heat stress may induce both pro-and anti-apoptotic signaling pathways via a ROS-MAPK/c-Jun signaling pathway in IEC-6 cells.
Previous studies have demonstrated that ROS mediates MAPK and c-Jun activation in various cellular stress conditions and cell types (4, 26, 28) . To investigate the molecular mechanism underlying MAPK and c-Jun activation, cells were pretreated with an antioxidant. The results indicated that the phosphorylation levels of p38, ERK and c-Jun are suppressed. However, JNK phosphorylation levels did not alter significantly. These results demonstrated that p38, ERK and c-Jun activation is a downstream event of ROS accumulation.
In conclusion, the results reported in the present study suggested that combined LPS and heat stress contributed to IEC-6 cell apoptosis and intestinal epithelial barrier disruption, and that more than one single mechanism was involved. The present study demonstrated a critical role of ROS modulating LPS combined with heat stress-induced MAPK and c-Jun activation in IEC-6 cells. Elucidation of the mechanism by which ROS regulates activation of MAPKs and c-Jun may facilitate understanding of pathological conditions involving ROS, such as heat stroke.
